A jasmonate-inducible lectin called Nicotiana tabacum agglutinin or NICTABA was found in tobacco (Nicotiana tabacum cv Samsun) leaves. Since NICTABA expression is also induced after insect herbivory, a role in the defence response of tobacco was suggested. In this report, a detailed analysis was made of the entomotoxic properties of NICTABA using different transgenic approaches. First, purified NICTABA was shown to be strongly resistant to proteolytic degradation by enzymes present in the Lepidopteran midgut. To address the question of whether NICTABA is also active against Lepidopteran larvae, transgenic N. tabacum plants that silence endogenous NICTABA expression were constructed using RNA interference. Feeding experiments with these transgenic N. tabacum plants demonstrated that silencing of NICTABA expression enhances the larval performance of the generalist pest insect Spodoptera littoralis. In a second transgenic approach, NICTABA was ectopically expressed in the wild diploid tobacco Nicotiana attenuata, a species that lacks a functional NICTABA gene. When these transgenic N. attenuata plants were used in feeding experiments with S. littoralis larvae, a clear reduction in mass gain and significantly slower development were observed. In addition, feeding experiments with the Solanaceae specialist, Manduca sexta, provided further evidence that NICTABA exerts clear entomotoxic effects on Lepidopteran larvae.
Introduction
Plants protect themselves against insect attack by the use of different constitutive and induced defence mechanisms (Howe and Jander, 2008) . Constitutive defence provides the plant with a basal defence level necessary to withstand the first encounter during pest infestations. In addition, plants alter their gene expression profile during insect attack, resulting in the accumulation of newly synthesized biochemical compounds with insecticidal properties (Lawrence et al., 2006) . This inducible defence response is mostly a combination of secondary metabolites, volatiles, and defence proteins that can act directly on pest insects or make the plant less preferable to herbivores. Defence proteins such as proteinase inhibitors (PIs) or amylase inhibitors disturb the normal enzyme activity in the insect midgut after ingestion (Ussuf et al., 2001; Franco et al., 2002; Zavala and Baldwin, 2004) . Other defence proteins are plant enzymes that reduce the nutritional quality of plants such as polyphenol oxidases (PPOs) or enzymes that are detrimental towards pest insects, e.g. specific proteinases or threonine deaminase (Kang et al., 2006; Mohan et al., 2006; Thipyapong et al., 2007; Mahanil et al., 2008) . A third important category of plant proteins involved in the complex mechanisms of plant defence are carbohydrate-binding proteins or lectins (Peumans and Van Damme, 1995; Vandenborre et al., 2009b) .
Plant lectins are proteins that contain at least one noncatalytic domain that can reversibly bind to carbohydrate structures . Lectins are widely distributed in nature, and proteins with different sugarbinding specificities have been isolated from several plant tissues. The insecticidal properties of many plant lectins have been documented extensively during the last two decades (Sharma et al., 2004; Van Damme, 2008) . Incorporation of purified lectins in artificial diets or expression of lectin genes in transgenic plants have been shown to reduce the performance of several insect species belonging to the orders Lepidoptera, Coleoptera, Diptera, and Hemiptera (Vandenborre et al., 2009b) .
In 2002, a lectin called Nicotiana tabacum agglutinin or NICTABA was discovered in the leaves of tobacco Nicotiana tabacum cv Samsun NN (Chen et al., 2002) . NICTABA is a homodimer of 19 kDa subunits which interacts with oligomers of N-acetylglucosamine (GlcNAc), high-mannose, and complex N-glycans (Lannoo et al., 2006b) . Sequence analysis of NICTABA and comparison with other sequences in the databases revealed that this plant lectin is a representative of a new family of proteins with sequence similarity to the Cucurbitaceae phloem lectins . Under normal environmental conditions NICTABA is not present in the tobacco leaves, but after treatment with certain jasmonates or insect herbivory, NICTABA starts to accumulate locally at the site of attack as well as in systemic leaves (Lannoo et al., 2007; Vandenborre et al., 2009a) . Low NICTABA levels were also detected in sepals and petals of the flowers after jasmonate treatment, whereas no lectin activity was present in stems and roots (Chen et al., 2002) . Interestingly, a screening of 19 species and varieties of tobacco revealed that NICTABA is not expressed in the leaves of the model system Nicotiana attenuata (Lannoo et al., 2006a) .
Since inducibility of a protein after herbivory per se is not sufficient evidence for an active role in the direct plant defence of N. tabacum, this study aimed to investigate the in vivo insecticidal activity of NICTABA towards the larvae of the polyphagous pest insect Spodoptera littoralis (Lepidoptera, Noctuidae) and the specialist Manduca sexta (Lepidoptera, Sphingidae). In order to fulfill an insecticidal role inside the insect body after ingestion, NICTABA needs to be resistant to the hostile environment in the insect midgut. To address the question of whether NICTABA is resistant to degradation by proteases present in the midgut, the tobacco lectin was quantified after incubation with gut extracts for several days. To evaluate the defensive role of NICTABA in relation to its own genetic background, the endogenous NICTABA production in N. tabacum was silenced using an RNA interference (RNAi) approach. Therefore, several transgenic lines were constructed expressing a hairpin construct for specific silencing of NICTABA. Since NICTABA expression in wild-type N. tabacum is induced after insect herbivory, these transgenic N. tabacum lines were used to determine if the inducible expression of NICTABA in N. tabacum is sufficient to affect growth and development of Lepidopteran larvae. In addition to the silencing of the endogenous NICTABA expression in N. tabacum, the activity of the lectin was also studied when ectopically expressed in the wild tobacco species N. attenuata. This tobacco variety was an obvious choice to construct transgenic lines because N. attenuata does not have a functional NICTABA gene (Lannoo et al., 2006a) . In addition, an enormous amount of information concerning the defence mechanisms has already been obtained in N. attenuata during the last decade (Halitschke et al., 2001; Krü gel et al., 2002; Hui et al., 2003; Heidel and Baldwin, 2004; Giri et al., 2006; Mitra et al., 2008) . Using feeding assays with both groups of transgenic lines, a clear entomotoxic effect of NICTABA on the development of Lepidopteran larvae was demonstrated.
Materials and methods

Plant material
Inbred lines of cultivated tobacco (N. tabacum L. cv Samsun NN) and wild tobacco (N. attenuata Utah) were grown in a controlled growth chamber at 25°C, 70% relative humidity, and a 16 h photoperiod. To germinate, N. attenuata seeds were first incubated in diluted liquid smoke (1/50) containing 1 mM gibberellic acid for 1 h.
Insect rearing
Larvae from the cotton leafworm (S. littoralis) were selected from a continuous laboratory culture. They were reared on an artificial diet under standard conditions of 25°C, 65% relative humidity, and 16 h photoperiod as described by Hakim et al. (2007) . Manduca sexta (tobacco hornworm) eggs were originally obtained from Carolina Biological Supply (USA) and all eggs used were from a laboratory culture maintained in climate chambers at the MPICOE. Freshly hatched larvae (neonates) were placed onto leaves growing at +1 nodal positions of individual plants.
Purification of NICTABA NICTABA was purified from leaves of 4-to 5-month-old N. tabacum plants floated on 50 lM methyl jasmonate (Me-JA) (Sigma-Aldrich, Bornem, Belgium) as described by Vandenborre et al. (2009a) .
Incubation of NICTABA with gut extracts of Spodoptera littoralis larvae Freshly moulted sixth instar (0-4 h) S. littoralis larvae were reared on excised N. tabacum leaves for 2 d prior to dissection of the larval midguts for the preparation of the gut extract. Midguts from five S. littoralis larvae were homogenized in 500 ll of ice-cold extraction buffer (0.15 M NaCl, 50 mM TRIS-HCl, pH 11), centrifuged at 13 000 g for 10 min at 4°C, and the supernatant was used for the enzymatic activity assays. Total protein content of the gut extracts was assayed by the Bradford method (Coomassie Protein Assay Kit, Thermo scientific, Rockford, IL, USA) using bovine serum albumin (BSA) as a protein standard. The proteolytic activity in the midgut extract was evaluated by an azocasein-(Sigma-Aldrich) based protocol as described by Sarath et al. (1993) .
To analyse the resistance of NICTABA to digestion by S. littoralis midgut extracts, 100 ll of a NICTABA solution (5 mg ml À1 ) was mixed with 400 ll of midgut extract and incubated for several time periods. Afterwards, NICTABA levels were quantified using an enzyme-linked immunosorbent assay (ELISA) as described by Vandenborre et al. (2009a) . Before quantification of NICTABA, the samples were supplemented with 50 mM phenylmethylsulphonyl fluoride (PMSF) and a proteinase inhibitor cocktail (Sigma-Aldrich) to prevent IgG proteolysis during ELISAs. Each experiment was performed in triplicate. In a parallel experiment, BSA was used instead of NICTABA.
Construction of the expression vectors for tobacco transformation
The vector for the 35S promoter-driven expression of doublestranded RNA (hairpin RNA) for NICTABA silencing was constructed using the Gatewayä conversion technology of Invitrogen (Carlsbad, CA, USA). The attB PCR product was amplified from the cDNA clone encoding NICTABA (GenBank accession no. AF389848) using primers evd1 (5#-AAAAAG-CAGGCTTCACCATGCAAGGCCAGTGGATAGCCGC-3#) and evd 3 (5#-AGAAAGCTGGGTGTTAGTTTGGACGAATGTC-GAAGCC-3#) in a first reaction, and evd2 (5#-GGGGA-CAAGTTTGTACAAAAAAGCAGGCT-3#) and evd4 (5#-GGGGACCACTTTGTACAAGAAAGCTGGGT-3#) in a second reaction. Afterwards, the attB product was recombined into the pDONR221 vector and the entry clones were subsequently transferred into Escherichia coli strain Top10F' cells by heat shock transformation. Before starting the LR reaction, plasmid DNA was purified using the QIAprep Spin Miniprep Kit (Qiagen, Venlo, The Netherlands) and the correct NICTABA was ensured by DNA sequencing at the VIB Genetic Service Facility (Antwerp, Belgium). The entry vector with the full-length NICTABA nucleotide sequence was recombined with the pK7GWIWG2 (I) destination vector (Karimi et al., 2002) to obtain a binary vector for overexpression of double-stranded hairpin RNA for post-transcriptional gene silencing of NICTABA. The binary expression vector was transformed into E. coli Top10F' cells and the E. coli strain K12 HB101 carrying the pRK2013 plasmid was used as a helper strain to transfer the expression vector into Agrobacterium tumefaciens LBA4404 (Van der Fits et al., 2000) by triparental mating as described by Ditta et al. (1980) .
The vector for the 35S promoter-driven expression for NICTABA in N. attenuata was constructed based on the cDNA clone encoding NICTABA (GenBank accession no. AF389848) (Chen et al., 2002) on plasmid pUCLEC. After PCR with specific primers LEC1-31 (5#-GCGGCGCTCGAGAAAGATGCAAGGCCAGTGG-3#) and LEC2-32 (5#-GCGGCGGGTCACCTATCCAATTAGTTTGGA-CG-3#) and pUCLEC as template, the obtained PCR fragment [open reading frame (ORF) 17-514] was cloned into pRESC200 using XhoI-BstEII.
Transformation of N. tabacum and N. attenuata and selection of homozygous lines Transformation of N. tabacum plants was performed using the leaf disc co-cultivation method (Horsch et al., 1985) , while the transformation of N. attenuata was based on Krü gel et al. (2002) . The presence of the kanamycin and hygromycin resistance gene in the transformation vector for A. tumefaciens-mediated transformation of N. tabacum and N. attenuata plants, respectively, allowed for the identification of antibiotic-resistant transformants (Krü gel et al., 2002) . Tobacco transformants were allowed to set seeds for further selection of homozygous plants.
Tobacco seeds were collected after self-fertilization of independent primary transformations. To establish an in vitro culture of the independent progeny of the transgenic N. attenuata lines expressing NICTABA or transgenic N. tabacum lines expressing the NICTABA silencing construct, surface-sterilized T 1 seeds were transferred to selective (30 mg l À1 hygromycin) solid Gamborg B medium (Duchefa, Haarlem, The Netherlands) for N. attenuata or selective (300 mg l À1 kanamycin) solid MS medium for N. tabacum seeds. Segregation analysis combined with quantification of NICTABA levels allowed selection of homozygous T 3 transformants for further feeding experiments.
PCR
The presence of the transgene in trangenic and control (nontransformed) plants was analysed by PCR. To purify genomic DNA from tobacco leaf material, the leaves were frozen and ground in liquid nitrogen using a mortar and pestle. Nucleic acids from the finely powdered leaf material were extracted in an extraction buffer (100 mM TRIS-HCl pH 8.0, 20 mM EDTA pH 8.0, 1.4 M NaCl, 2% cetyltrimethyl ammonium bromide, and 2% polyvinylpyrrolidone 40) using 5 ml of buffer for 5 g of powder.
After incubation for 1 h at 60°C, the nucleic acids were isolated using the phenol/chloroform method (Stewart and Via, 1993) . Residual RNA from the nucleic acid solution was removed by an RNase (Roche Applied Science, Indianapolis, IN, USA) treatment for 30 min at 37°C.
To amplify a sequence that was unique for the transgenic N. tabacum plants, a forward primer evd65 (5#-CAGTGGATAGCCG-CAAGAGACCTTTC-3#) binding to the NICTABA sequence and reverse primer evd417 (5#-GCCGTAAGAAGAGGCAAGAG-TATG-3#) that binds to the linker sequence between the sense and antisense region on the RNAi construct were used. For amplification of a sequence that was unique for the transgenic N. attenuata plants, a forward primer evd 392 (5#-GATGCCTCTGCCGA-CAGTGGTCCC-3#) binding to the 35S promoter and reverse primer evd66 (5#-TTAGTTTGGACGAATGTCGAAGCC-3#) binding to the NICTABA sequence itself were used. Genomic DNA sequences were amplified according to Sambrook et al. (1989) using the following conditions: denaturation at 94°C for 2 min followed by 30 cycles of 15 s at 94°C, 30 s at 60°C or 52°C for annealing in N. attenuata and N. tabacum, respectively, 1 min at 72°C for elongation, and finally incubation for 5 min at 72°C. The expected PCR product size was 723 bp and 599 bp for the transgenic N. attenuata and N. tabacum, respectively.
RT-PCR
Total RNA was extracted starting from 300 mg of powdered leaf material using the Trizol method (Invitrogen) as described by the manufacturer. Residual DNA was removed by treatment with 2 U of DNase I (Fermentas, St. Leon-Rot, Germany) for 30 min. The total RNA concentration was determined at 260 nm using the NanoVue 4282 V1.7.1 Spectrophotometer (GE Healthcare Life Sciences). Single-stranded cDNA was synthesized using the cDNA synthesis Kit for RT-PCR by AMV reverse transcriptase (Roche Diagnostics, Mannheim, Germany) starting from 1 lg of isolated total RNA.
RT-PCR was performed on single-stranded cDNA using Taq polymerase (Invitrogen) according to Sambrook et al. (1989) . To amplify the NICTABA sequence, the forward primer evd65 and reverse primer evd66 were used. The RIBOSOMAL PROTEIN L25 (GenBank accession no. L18908) was used as an internal control for the RT-PCR using the primers evd282 end evd283 as described by Vandenborre et al. (2009a) . RT-PCR was performed using the following program: 2 min at 94°C followed by 25 cycles of 15 s at 94°C, denaturation for 30 s at 50°C and elongation for 1 min at 72°C, and a final incubation for 5 min at 7°C. The expected size of the PCR product amplified from the cDNA was 489 bp for the NICTABA sequence and 287 bp for the RIBO-SOMAL PROTEIN L25 sequence.
Analysis of crude protein extracts
Crude protein extracts were made by homogenizing 1 g of tobacco leaves in 2.5 ml of 20 mM 1,3-diaminopropane with a pestle and mortar. The homogenates were centrifuged at 13 000 g for 5 min and the supernatant was used as crude protein extracts. To quantify total soluble protein, the Bradford method (Coomassie Protein Assay Kit) was used with purified NICTABA as protein standard. Crude protein extracts were analyzed by SDS-PAGE in 15% acrylamide gels as described by Laemmli (1970) . Proteins Insecticidal activity of NICTABA | 1005 were visualized by staining with Coomassie brilliant blue or blotted onto polyvinylidene fluoride (0.45 lm) transfer membranes (Biotrace PVDF, PALL, Gelman Laboratory, Ann Arbor, MI, USA). Immunoblot analysis was performed as previously described by Vandenborre et al. (2009a) . Densitometry analysis of polypeptide bands on SDS-PAGE was performed using the gel analysis tool of the publicly available Java-based image processing tool ImageJ (Research Services of the National Institute of Health).
NICTABA levels present in the crude protein extracts were quantified with ELISAs as described by Vandenborre et al. (2009a) . Lectin activity in the protein extracts was analysed using agglutination assays with trypsin-treated rabbit erythrocytes (BioMérieux, Craponne, France). Therefore, 10 ll of crude protein extract was mixed with 10 ll of 1 M ammonium sulphate and 30 ll of a 2% solution of rabbit erythrocytes made up in phosphate-buffered saline (PBS; 135 mM NaCl, 3 mM KCl, 1.5 mM KH 2 PO 4 , and 8 mM Na 2 HPO 4 , pH 7.5).
Insect feeding assays Spodoptera littoralis bioassay using transgenic N. tabacum: Three independent T 3 transgenic N. tabacum lines were challenged with S. littoralis larvae and analysed for their effect on the development and survival of the caterpillars. For the untransformed N. tabacum and the three transgenic lines (S111, S351, and S411), 15 replicate plants were caged with a plexiglass cylinder (20 cm in diameter, 30 cm in height) closed with nylon and maintained at standard growth conditions of 25°C and 16 h light regime (Smagghe and Degheele, 1994) . On each caged plant, two second instar (0-6 h old) larvae were introduced allowing them to feed freely from the entire plant. The individual larval mass was measured with a 2-day interval until pupation. Furthermore, the larval stage was scored daily and the pupal mass was determined on the second day after pupation.
Spodoptera littoralis bioassay using transgenic N. attenuata plants: Detached leaves of stably transformed N. attenuata plants ectopically producing NICTABA or wild-type N. attenuata plants, both in the early elongation stage of growth, were placed in experimental cages as described by Van de Veire et al. (1997) . The bioassay was started with freshly moulted second instar (0-6 h old) larvae of S. littoralis with two larvae per cage and 20 cages for each transgenic tobacco line (T251, T361, and T431) or control line used. Each day, fresh leaf material was fed and the cages were cleaned. Individual larval fresh weights were followed daily until pupation. In addition to mass gain, developmental time for each larval stage was followed until pupation and the pupal mass was recorded on the second day after pupation. Plant resistance towards herbivory was determined using a growth index (GI), being the ratio of the percentage of larvae that reached the pupal stage and the time in days to develop into pupae: GI¼% pupation/ larval period.
Manduca sexta bioassay using transgenic N. attenuata: Two freshly hatched M. sexta neonates were placed on different rosette leaves of 25 replicate plants per transgenic line (T251, T361, T402, T409, and T431) in the early elongation stage of growth. After 2 d the smaller caterpillar was removed. Larvae were weighed after 4, 7, 10, and 13 d, at which time they had reached third to fourth instar.
Statistical analysis
For the statistical analysis of the means between several data sets, one-way analysis of variance (ANOVA) was performed. Prior to ANOVA, homogeneity of variances between the different data sets was tested with Levene's test. If the assumption for homogeneity of variances could not be confirmed, data were analysed with the Welch and Brown-Forsythe F-test. Subsequent one-way ANOVAs were performed with Fisher's LSD or Games-Howell post hoc multiple comparisons depending upon the results of the homogeneity test. All statistical analyses were performed using SPSS 15.0 (SPSS Inc., Chicago, IL, USA), except for the data obtained for the M. sexta feeding assay. Here, one-way ANOVAs were performed with StatView for Windows Version 5.0 (SAS Institute Inc.).
Results
NICTABA is resistant to hydrolysis by midgut extracts
Determination of non-specific protease activity in S. littoralis midgut homogenates yielded a trypsin-like activity of 1.2 mg trypsin ml À1 . To evaluate whether NICTABA is resistant to the proteases present in the midgut homogenates, 100 ll of purified NICTABA (5 mg ml À1 ) was mixed with 400 ll of midgut extract (6.97 mg total protein ml À1 ) and incubated for different time intervals up to 72 h. Using SDS-PAGE it was demonstrated that after 3 d of incubation, a clear band at 19 kDa was still present in the samples, indicating strong resistance of NICTABA to proteolysis (Fig. 1A) . In addition, agglutination assays demonstrated that NICTABA was still active after 3 d of incubation. Quantification of the NICTABA levels after several incubation periods allowed calculation of the NICTABA half-life, being 3.51 d (y¼1106.2e -0.22x ; R 2 ¼0.9522), confirming that NICTABA is very resistant to the proteases present in the midgut extracts (Fig. 1B) . Since the ELISA possibly does not discriminate between the intact lectin and NICTABA fragments, the half-life of NICTABA was also estimated using densitometry analysis on the intact NICTABA polypeptide in the SDSpolyacrylamide gel (Fig. 1A) . This analysis revealed a halflife of 17.2 h (y¼0.8655.e -0.032x ; R 2 ¼0.9666) for NICTABA. When the same experiment was performed using BSA, no BSA was detected by SDS-PAGE after incubation with the gut extract for 1 h (data not shown).
Analysis of transgenic N. tabacum plants expressing the NICTABA silencing construct
In order to analyse the functional role of NICTABA in N. tabacum, transgenic tobacco plants were constructed that selectively silence NICTABA transcripts by introducing a double-stranded hairpin construct directed against NIC-TABA. Three independent homozygous T 3 N. tabacum transformants (S111, S351, and S411) with strong silencing of NICTABA expression were selected. To ensure the insertion of the NICTABA silencing construct into the genomic DNA, PCR was performed to amplify a unique PCR product present only in transformants ( Supplementary  Fig. S1A available at JXB online). In addition, transgenic N. tabacum lines were analysed for their NICTABA transcript levels after Me-JA treatment of excised leaves for 24 h and 48 h. Using RT-PCR a strong accumulation of the NICTABA transcripts was recorded in Me-JA-treated wild-type N. tabacum leaves, while no transcripts were detected in the transgenic lines ( Supplementary Fig. S1B ).
To study NICTABA accumulation at the protein level, crude tobacco leaf extracts were treated with Me-JA for 5 d and analysed by SDS-PAGE and subsequent western blot analysis. While a clear protein band was present at 19 kDa in the wild-type N. tabacum, no such protein band could be detected in the three transgenic N. tabacum lines transformed with the RNAi construct (data not shown). In addition to a good silencing of NICTABA expression after Me-JA treatment, accumulation of NICTABA was also strongly repressed after S. littoralis herbivory. Western blot analysis on protein leaf extracts after herbivory for 4 d revealed a clear accumulation of lectin in leaves of wild-type N. tabacum, but did not show the presence of the lectin in NICTABA-silenced transgenic plants ( Supplementary Fig.  S1C ). In agreement with this, no agglutination activity was observed in protein extracts derived from transgenic N. tabacum plants after herbivory, suggesting the absence of NICTABA accumulation. Quantification of NICTABA levels during herbivory by two L 3 S. littoralis larvae revealed a clear accumulation of NICTABA in wild-type plants starting after 2 d of feeding, but no increase in NICTABA production was measured in the NICTABAsilenced N. tabacum lines (Fig. 2A) .
Silencing of NICTABA expression in N. tabacum influences mass gain of S. littoralis larvae Three independent transgenic N. tabacum lines (S111, S351, and S411) constitutively expressing a double-stranded RNA hairpin construct to silence NICTABA expression were used in a feeding experiment to examine the role of NICTABA on the performance of S. littoralis larvae. Larvae fed on RNAi plants (from the second larval instar to pre-pupal stage) had a significantly higher mass gain starting from day 6 compared with larvae feeding on wild-type tobacco plants. After 12 d of feeding, larvae fed on transgenic lines S111, S351, and S411 had an average mass of 740644, 626651, and 773646 mg, respectively, whereas larvae fed on nontransformed tobacco plants had an average mass of 418647 mg (Fig. 2B) . This corresponds to a 1.77-, 1.5-, and 1.85-fold higher larval mass after feeding on transgenic lines S111, S351, and S411, respectively. The overall enhanced mass gain of larvae fed on transgenic plants with silenced NICTABA expression was correlated with a clear increase of folivory of tobacco leaves ( Supplementary  Fig. S2 at JXB online).
The differences in larval mass gain were associated with a retardation in larval development when feeding on wildtype N. tabacum plants, especially in the earlier larval stages. For the L 3 larval stage, the developmental time was significantly prolonged when feeding on wild-type N. tabacum (Table 1) . Once the S. littoralis larvae had reached the L 4 larval stage, reduced developmental periods were scored after feeding on transgenic N. tabacum plants, but no significant differences were measured compared with feeding on wild-type N. tabacum (Table 1) . Although the expression of NICTABA clearly had an effect on larval mass gain and development, no significant effects were observed on biological parameters such as survival rate, pupal mass, and adult emergence ( Table 1) .
Analyses of transgenic N. attenuata plants ectopically expressing NICTABA Since N. attenuata does not have a functional NICTABA gene, this tobacco variety was considered a suitable system for genetic transformation with a gene construct encoding NICTABA ( Supplementary Fig. S3 at JXB online). Several independent homozygous transgenic N. attenuata T 3 lines expressing NICTABA were selected and further analysed for successful transformation. Using a PCR on genomic DNA, the insertion of the transgene was confirmed for the independent transgenic tobacco lines (Supplementary Fig  S4A at JXB online) . The successful expression of NIC-TABA was also demonstrated by RT-PCR ( Supplementary  Fig. S4B ). SDS-PAGE of the crude leaf extracts revealed an extra protein band of 19 kDa in the extracts from the transgenic tobacco lines. The size of the band corresponds to the expected molecular mass of the NICTABA monomer ( Supplementary Fig. S4C ). In addition, agglutination assays with rabbit erythrocytes showed the presence of lectin activity in the protein extracts. NICTABA expression in the different transformants was confirmed by western blot analysis ( Supplementary Fig. S4D ). Quantification of the amount of NICTABA in the independent transgenic lines using an ELISA revealed a significantly higher (P <0.01) NICTABA level in transgenic lines T251 and T431 compared with T361, T402, and T409, while T361 showed a significantly higher (P <0.01) NICTABA level than T402 and T409 (Fig. 3A) . It should be noted that all the transgenic N. attenuata lines showed normal growth and development when compared with untransformed N. attenuata plants ( Supplementary Fig. S5 ), and no abnormalities were observed on seed setting.
Feeding experiments with S. littoralis using transgenic N. attenuata Transgenic N. attenuata lines (T251, T361, and T431) overexpressing NICTABA were used in a no-choice feeding experiment starting with L 2 S. littoralis larvae and compared with feeding on wild-type N. attenuata leaves. After 3 d of feeding, a significant difference was measured between the mass gain of the larvae fed with leaves from all three transgenic lines compared with the wild type (P <0.01). Although the mean larval mass of the three populations feeding on the transgenic lines was lower compared with the control population during the next 6 d, only feeding on T431 resulted in significantly lower (P <0.01) mass gain. Starting from day 11, significant differences (P <0.01) were noticed again for feeding on all three transgenic lines, and the differences in mean larval mass gain kept increasing during the following days (Fig. 3B) . After 15 d of continuous feeding, mean larval mass for feeding on transgenic N. attenuata lines T251, T361, and T431 was 247614, 320635, and 224616 mg, respectively, whereas the mass for larvae fed on wild-type N. attenuata was 866650 mg. This corresponds to a reduction in mass gain of 72, 63, and 74% after feeding on T251, T361, and T431, respectively, compared with feeding on wild-type N. attenuata. When the mass gain of S. littoralis larvae is compared between feeding on wild-type N. attenuata and wild-type N. tabacum, both larval populations reached maximal mass gain after ;15 d of feeding.
The reduction in larval mass gain was accompanied by retardation in larval development (Table 2) . A significantly prolonged development time (P <0.01) was recorded for the L 3 larval stage when feeding on all three transgenic lines compared with control plants, whereas in the L 4 larval stage significant differences (P <0.1) were only seen for feeding on the transgenic line T431 expressing the highest NIC-TABA concentration. In further developmental stages, again significantly prolonged developmental times (P <0.001) were recorded when feeding on all three transgenic N. attenuata lines. The prolongation of the larval stages resulted in a significantly longer overall developmental period (P <0.001) for the larval populations that consumed transgenic leaves. Larvae fed on wild-type tobacco leaves needed 19.5 d to reach the pupal stage, while the time needed to reach the pupal stage for the larvae fed on T251, T361, and T431, was 25.2, 24.5, and 25 d, respectively. In addition to a mass gain reduction and a significant retardation in larval developmental time, the resulting mean pupal mass was also significantly lower (P <0.01) after feeding on transgenic N. attenuata plants producing NIC-TABA. For larvae feeding on transgenic lines T251, T361, and T431, the mean pupal mass was 267.2, 267.9, and 248.8 mg, respectively, while pupae derived from the larvae fed on wild-type plants weighted 297.3 mg (Table 2) . This corresponds to a 10-16% reduction of pupal mass after feeding on transgenic N. attenuata. During the larval period, feeding on the transgenic tobacco plants did not result in high mortality rates. Likewise, there were no obvious differences in the adult emergence rates after feeding on the transgenic lines compared with the control plants.
Since plant resistance towards folivory influences both mass gain and development of its attacker, the GI is a more suitable parameter to represent herbivore resistance of a plant. Plants with a higher degree of resistance have lower GI scores. In agreement, lower GIs were obtained with larvae that consumed transgenic leaf material (GI¼3.66, 3.57, and 3.30 for T251, T361, and T431, respectively) compared with those fed on control plants (GI¼4.99), indicating that the expression of NICTABA gives N. attenuata a higher resistance towards feeding by S. littoralis larvae.
Feeding experiments with M. sexta using transgenic N. attenuata
To examine whether NICTABA only affects the development of a generalist or also affects specialist leaf feeding Fig. 3 . Ectopic expression of NICTABA in N. attenuata increases resistance to S. littoralis and M. sexta larvae. (A) Quantification of NICTABA levels in the leaves of transgenic N. attenuata plants using an ELISA. Values presented are means (6SE) of three biological replicates (ANOVA NICTABA , F 5,12 ¼36.48, P <0.001). Different letters indicate significant differences between NICTABA levels (P <0.05). (B) Mass gain of S. littoralis larvae fed on three independent transgenic N. attenuata lines (T251, T361, and T431) with constitutive NICTABA production compared with wild-type N. attenuata. All data represent the mean mass (6SE) of 40 larvae (ANOVA DAY3 , F 3,152 ¼8.11, P <0.001; ANOVA DAY5 , F 3,151 ¼5.65, P¼0.001; ANOVA DAY7 , F 3,151 ¼6.18, P¼0.001; ANOVA DAY9 , F 3,150 ¼6.67, P <0.001; ANOVA DAY11 , F 3,149 ¼22.12, P <0.001; ANOVA DAY13 , F 3,149 ¼52.32, P <0.001; ANOVA DAY15 , F 3,147 ¼90.38, P <0.001). Asterisks indicate significant differences compared with the wild type (*P <0.01; **P <0.001). (C) Mass gain of M. sexta larvae fed on five independent transgenic N. attenuata lines (T251, T361, T402, T409, and T431) with constitutive NICTABA production compared with wild-type N. attenuata. All data represent the mean mass (6SE) of 15-25 larvae (ANOVA DAY4 , F 5,141 ¼1.21, P¼0.309; ANOVA DAY7 , F 5,136 ¼1.26, P¼0.285; ANOVA DAY10 , F 5,127 ¼1.25, P¼0.289; ANOVA DAY13 , F 5,97 ¼2.64, P¼0.028). Asterisks indicate significant differences compared with the wild type (*P <0.05).
insects, a no-choice feeding experiment was performed with the native specialist herbivore M. sexta using transgenic N. attenuata plants (Fig. 3C ). For this experiment, two more transgenic lines (T409 and T402) with lower expression levels for NICTABA were included (Fig. 3A) to investigate further whether the effect of NICTABA is concentration dependent. Manduca sexta neonates were placed on the rosette-stage leaves of wild-type and all five transgenic plants, and were allowed to feed for 13 d. After 10 d, larvae that fed on T431 had significantly less mass than larvae fed on wild-type plants (P <0.05) (Fig. 3C) . The average larval mass was reduced by 24%. After 13 d, larvae fed on both T431 and T361 had a significantly reduced mass compared with wild-type plants of ;37% and 36%, respectively (P¼0.0158 and P¼0.0247, respectively) (Fig. 3C) . Larvae fed on T251 showed a reduction in mass of 29% compared with wild-type plants, but the difference was not significant (P¼0.0695). In contrast, feeding on transgenic lines T409 and T402 expressing the lowest NICTABA concentrations did not significantly reduce mass gain rates of M. sexta. These results indicate that M. sexta is also affected by feeding on N. attenuata plants with a higher NICTABA expression, but the effect is less prominent than for the generalist feeder S. littoralis.
Discussion
Recently, a clear link has been established between the jasmonate-mediated NICTABA accumulation in N. tabacum and herbivory by several pest insects (Vandenborre et al., 2009a, b) . Accordingly, a putative defensive role was attributed to NICTABA in tobacco leaves. A prerequisite for a plant protein to exert an entomotoxic action after ingestion is resistance to proteolytic degradation in the Lepidopteran midgut (Wang and Constabel, 2004; Chen et al., 2005 Chen et al., , 2007 . Previously, two nearly identical serine proteases were found in the larval midgut of S. littoralis with an apparent mol. wt of 24.36 kDa and 24.45 kDa (Marchetti et al., 1998) . In agreement with these results, a predominant polypeptide band of ;25 kDa was present in midgut extracts and clear protease activity was demonstrated. NICTABA was shown to be highly resistant to hydrolysis by proteases synthesized by S. littoralis larvae, making NICTABA a suitable candidate to fulfill a defensive function in the Lepidopteran gut.
To evaluate whether the induction of NICTABA production increases plant fitness, transgenic N. tabacum plants were constructed expressing a hairpin construct for posttranscriptional silencing of NICTABA expression. Analyses of the transgenic N. tabacum plants revealed a very efficient silencing of NICTABA expression. Moreover, it was shown that NICTABA expression can be successfully silenced in tobacco plants without affecting growth and fertility of the transgenic plants. This implies that under growth chamber conditions, NICTABA is not essential for normal plant development and viability of tobacco plants, favouring a particular role under certain stress conditions such as insect attack. Furthermore, it was clearly demonstrated in this report that S. littoralis larvae fed on transgenic N. tabacum plants with strongly suppressed NICTABA levels were enhanced in their development compared with larvae reared on non-transformed plants. In particular, it was shown that younger larval instars are more susceptible to NICTABA than older larvae. Two explanations can be given for this observation. Either the older larvae adapt their metabolic processes more easily to overcome the activity of NICTABA, or the tobacco lectin is specifically directed to structural or biochemical features only present in younger larvae. Interestingly, it was recently demonstrated that especially second and third instar M. sexta larvae were most vulnerable to jasmonate-mediated plant defences in N. attenuata (Zavala et al., 2008) .
To investigate further the insecticidal activity of NIC-TABA, transgenic N. attenuata plants with a constitutive expression of NICTABA were constructed. Previously, it was shown that NICTABA is not produced in N. attenuata leaves in response to Me-JA treatment (Lannoo et al., 2006a) . In agreement with this result, previous large-scale transcriptional analyses with microarrays and proteomic studies on N. attenuata leaves after feeding by M. sexta larvae never yielded indications for NICTABA expression after herbivory (Hermsmeier et al., 2001; Hui et al., 2003; Giri et al., 2006) . These observations make N. attenuata an ideal tobacco variety for transformation with a construct for ectopic expression of NICTABA. Such an intragenus difference was also observed for other defence responses. The induction of trypsin inhibitors or threonine deaminase after Me-JA treatment was highly variable depending on the Nicotiana species (Lou and Baldwin, 2003; Qu et al., 2004; Pearse et al., 2006) . The blend of volatiles after Me-JA treatment was also both qualitatively and quantitatively very different depending on the Nicotiana species (Lou and Baldwin, 2003) . These polymorphisms in antiherbivore resistance traits have probably evolved by differential selection pressures resulting in a diversifying co-evolutionary selection (Thompson and Cunningham, 2002) . In the past, many plant lectins have already been shown to exert antinutritive properties towards pest insects when expressed ectopically in plant species (Van Damme, 2008; Vandenborre et al., 2009b) . In this report, the entomotoxic activity of NICTABA towards larvae of the polyphagous S. littoralis and the Solanaceae specialist M. sexta was evaluated using different independent transgenic N. attenuata lines with NICTABA expression levels up to 3.5 lg g FW À1 , a concentration comparable with that found in N. tabacum leaves after herbivory. Interestingly, silencing NICTABA expression in N. tabacum only had a positive effect on larval development during the third instar, but ectopic expression of NICTABA in an evolutionarily novel background (N. attenuata) led to a strong retardation of larval development and a significant reduction in pupal mass. This might be due to the fact that some of the different chemical constituents that are elicited by JA signalling are thought to have co-evolved to provide defensive synergies. The toxic alkaloid, nicotine, functions as an antifeedant in N. attenuata, and the ingestion of the trypsin proteinase inhibitor (TPI) stimulates compensatory feeding in the generalist herbivore, Spodoptera exigua. Larvae performed better on TPI-silenced lines only if nicotine was also silenced (Steppuhn and Baldwin, 2007) . It is tempting to speculate that the entomotoxic effect of NICTABA in N. tabacum also co-evolved with other herbivory-elicited defences, which are not present in the evolutionarily novel background of N. attenuata.
In general, the entomotoxic effect of NICTABA seems to differ depending on the Lepidopteran species. While S. littoralis larvae had a mass gain reduction of 69% after 13 d of feeding on transgenic N. attenuata expressing ;3.5 lg NICTABA g FW À1 , feeding on the same transgenic line resulted in a mass gain reduction of only 37% for M. sexta larvae.
At present, the mechanisms underlying the entomotoxic activity of NICTABA remain to be elucidated. In view of the carbohydrate-binding activity of NICTABA, it can be expected that the insecticidal activity is associated with its sugar-binding properties. Unfortunately, no data are available yet on the overall glycome of S. littoralis or M. sexta, and the glycoconjugates present in the digestive tract in particular. In the midgut of caterpillars, the lumenal side of the epithelium cells is lined up with a peritrophic membrane (PM), an acellular, semi-permeable matrix composed of chitin microfibrils with associated proteoglycans and glycoproteins (Hegedus et al., 2009; Hakim et al., 2010) . Since NICTABA specifically interacts with oligomers of GlcNAc and chitin, the microfibrils of the PM are an obvious target for NICTABA. Binding of NICTABA to the PM may compete with peritrophins, which are proteins consisting of chitin-binding domains that help to organize the chitin microfibrils (Shi et al., 2004; Hegedus et al., 2009) . A previous study of the effect of the chitinbinding lectin wheat germ agglutinin (WGA) on the formation of the PM in Lepidoptera revealed clear abnormalities in PM structure of WGA-fed larvae (Hopkins and Harper, 2001 ). This observation is consistent with the hypothesis that chitin-binding lectins such as NICTABA may compete with peritrophins.
In addition to binding to the chitin microfibrils of the PM, NICTABA can exert its entomotoxic effect by its ability to bind glycoproteins present in the midgut of Lepidoptera. One of the most important functions of the PM is dividing the Lepidopteran midgut into endo-and ectoperitrophic compartments. Compartmentalization creates a spatial organization of the digestive process and a circulation flux allowing the recycling of digestive enzymes (Terra, 2001) . Most of the secreted larval transport proteins or digestive enzymes are glycosylated. Larval proteins containing N-glycans that specifically bind to NICTABA will tend to cluster, resulting in large complexes with a molecular size too big to pass through the PM. Moreover, large protein-NICTABA complexes in the endoperitrophic lumen may prevent larval enzymes from diffusing back across the PM to be recycled in the digestive system and result in leakage of digestive enzymes. Lectin interaction with digestive enzymes and/or transport proteins can be part of an antinutritive mechanism which can combine the functional loss of many different larval midgut proteins. For the snowdrop lectin GNA, one of the major target proteins was shown to be a subunit of ferritin (Du et al., 2000; Sadeghi et al., 2008) . Other plant lectins were also shown to bind to a-amylases present in the digestive tract of insects (Macedo et al., 2007; Sadeghi et al., 2008) .
To really appreciate the ecological relevance of the defence function of NICTABA, we have to merge direct defence responses such as NICTABA expression with indirect defence strategies provoked by release of volatiles (Roda and Baldwin, 2003) . Slowing down the growth of Lepidopteran larvae by induction of NICTABA expression may keep them in a larval stage in which they are more vulnerable to parasitic wasps or predators for a longer period (Benrey and Denno, 1997; Kessler and Baldwin, 2001; Zalucki et al., 2002) . From a plant's perspective, plants may benefit more from an induced resistance that acts mainly towards younger larvae by decreasing the development rate, than from an induced resistance that kills older larvae that have completed most of their feeding.
The main goal of this study was to evaluate the entomotoxic properties of NICTABA against Lepidopteran larvae. It was clearly demonstrated that NICTABA is resistant to proteolytic degradation in the S. littoralis midgut. Using transgenic N. tabacum plants with a silenced NICTABA expression, an enhanced performance was observed for S. littoralis larvae. In agreement, the ectopic production of NICTABA in the wild tobacco variety N. attenuata conferred a higher resistance to larvae of the generalist S. littoralis. Moreover, similar negative effects were found on the mass gain of the Solanaceae specialist M. sexta when performing feeding trials with N. attenuata plants ectopically producing NICTABA. However, the severity of the entomotoxic effect of NICTABA is concentration dependent and depends on the insect species that is attacking the plant. In general, we can conclude that NICTABA can help tobacco plants to counteract caterpillar attacks.
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